ABSTRACT: This paper proposes a new analytical procedure to simulate the frost heave of granular materials. The objective of the research is to examine the applicability of discontinuous analysis to numerical simulation for the mechanical behaviour of granular materials subjected to freeze-thaw action. In this paper, numerical simulations of freeze-thawing triaxial compression tests for glass beads were performed with three-dimensional DEM coupled with a thermal analysis, and the applicability of the DEM to the freezing-thawing behaviour of granular materials was discussed. As the results, it was shown that the proposed DEM model that puts many small elements between soil particles, which expand with dropping the temperature, can simulate the freezingthawing behaviour of granular materials to some extent though there is room for further investigation as to numerical modelling and setting analytical parameters.
Introduction
In cold regions like Hokkaido, the north area of Japan, it is necessary for the geotechnical investigation of natural disasters to examine the influence of the freeze-thaw action of pore fluid on the mechanical characteristics of saturated ground (Yamada et al. 2000 , Ishikawa et al., 2004 . Especially, at the fragmental soil ground, the degradation in the static and dynamic strength of crushable geotechnical materials caused by cyclic freeze-thaw action often triggers off natural disaster like slope failure as shown in Figure 1 . Accordingly, it is significant for establishing a precise prediction method of natural disaster in cold regions widely covered with volcanic clastic rock and crushable volcanic ash deposit to elucidate the deterioration process of the mechanical characteristics of crushable geotechnical materials. In general, experimental research such as model test and element test would be adopted for investigating a cause of the natural disaster and its effect. However, it is extremely difficult to identify a cause of natural disaster under severe environment exposed to cold climate and frequent earthquake like Hokkaido so that a lot of nonlinear factors influence it interactively. Moreover, it is hard to separate one factor from the others based on experimental research because it is almost impossible to control experimental condition precisely and exclude an individual difference between test samples completely in laboratory tests. Accordingly, the synthetic research on disaster prevention measures in Hokkaido is behind in examining how freeze-thaw cycle has an influence on landslide of fragmental soil ground.
Meanwhile, numerical simulation has an advantage that it can examine the mechanical behaviour of geotechnical structures in terms of micromechanics as well as controlling an arbitrary experimental condition accurately, compared with experimental research (O'Sullivan and Cui, 2005, Clayton and Reddy, 2006) . Recently discontinuous analysis has been utilized to rock engineering such as the designing of rockfall prevention works since it can estimate the trajectory of falling rocks and the impact force against the guard fence for falling stones (Ma et al., 2004) . If discontinuous analysis can evaluate the effect of frost heaving pressure on the strengthdeformation characteristics of geotechnical materials, it seems to be an effective method to simulate a slope failure of crushable volcanic soil ground occurred at a subsurface layer subjected to cyclic freeze-thaw action in snow-melting season.
The present study proposes a new analytical procedure to simulate the frost heave of granular materials. The objective of the research is to examine the applicability of discontinuous analysis to numerical simulation for the mechanical behaviour of granular materials subjected to freeze-thaw action. The discussion points in this paper are as follows.
1) How to simulate the freeze-thaw phenomenon occurred in granular materials with discontinuous analysis and how to introduce the frost heaving pressure to soil particles into the analytical process of numerical simulation.
2) Applicability of discontinuous analysis to the shearing behaviour of saturated granular materials subjected to freeze-thaw action.
In this paper, numerical simulations of freeze-thawing triaxial compression tests using glass beads were performed with 3D DEM (three-dimensional Distinct Element Method, Cundall and Strack, 1979) coupled with a thermal analysis, and the applicability of the DEM to the freezing-thawing behaviour of granular materials was discussed. The program employed in this paper is the PFC3D (Itasca, 2003) .
Modelling of freeze-thaw action
In order to examine the method for modelling the frost heaving behaviour of pore water with discontinuous analysis, numerical simulations of frost heaving phenomenon of water inside a glass were performed with 3D DEM coupled with a thermal analysis. Figure 2 shows an initial cylinder-shaped numerical specimen (70mm in diameter, 50-100mm in height) of DEM model before freezing. Table 1 summarizes the features of all DEM models used in this simulation. The DEM model is composed of a rigid bottom wall and a rigid lateral cylinder wall which represent a rigid glass and a particle assembly, called "thermal expanding elements," which has no discernible pattern in the arrangement of particles. The former wall elements were fixed to restrain the lateral expansion of water and to allow onedimensional upward frost heaving of water. The latter ball elements with uniform size distribution (radius range from 3.0 to 5.0 mm) are packed at around 0.7 in void ratio on a trial basis. Moreover, the thermal expanding element is a rigid spherical element which represents a small amount of water, and for modelling the change in the volume of water associated with the phase-change from fluid to solid, its diameter expands when its temperature drops to 0 °C according to Equation 1.
Numerical modelling
where ΔD is the increment of particle diameter, D the particle diameter, ΔT the increment of particle temperature and α the coefficient of linear thermal expansion associated with the particle.
The heat-conduction equation in PFC3D is given by
q i is the heat-flux vector, q v the volumetric heat-source intensity, C the specific heat at constant volume and κ the thermal conductivity. Table 2 summarizes the input parameters of DEM simulations performed in the present study. As for the material properties of water, all input parameters such as density (ρ), C and κ, were set by referring to the values of water in a liquid state of 0 °C for the simplicity of numerical algorithm in DEM. On the other hand, the coefficient of linear thermal expansion (α) was set equal to -0.03 or -0.09 (1/°C) to examine the effect on the frost heaving behaviour of DEM model. As for the interface properties of element surface, the angles of interparticle friction (φ μ ) between a thermal expanding element and a wall element were set equal to zero in consideration of the friction of fluid being very low, while the tanφ μ between thermal expanding elements was set to 0.01 for the numerical stability of DEM simulations.
The simulations of frost heaving phenomenon were performed as follows; first, ball elements are settled down by the gravity force of 9.8m/s 2 until reaching static equilibrium. Further, the thermal boundary and initial conditions are applied to a DEM model with constrained boundaries by specifying heat insulating condition to wall elements and initializing the temperature of all ball elements to 0 °C. Subsequently, a constant temperature of -1 °C is applied to the bottom wall. Then, thermal flow occurs by temperature difference between the wall and the contacted balls, and the numerical specimen is frozen from the bottom end. When the temperature of all ball elements reaches -1 °C, the simulation is finished. Figure 3 shows the temperature distribution inside a numerical specimen at the elapsed time of 2.0 h in case of model02 (α=-0.03 (1/°C)) as shown in Table 1 . Here, a particle temperature is expressed with the size of a red dot which regards 0 °C as the maximum value. In Figure 3 , the size of red dots increases from the bottom end of the specimen to the top end, and as the freeze of the numerical specimen proceeds, the temperature decreases from the bottom end gradually. Figure 4 shows time histories of the temperature (T w ) at the top end and the frost heave ratio (ζ) of a numerical specimen in case of model02. Here, the frost heave ratio (ζ) is given by
Results and discussions
where Δh is the increment of specimen height during freezing and H 0 the initial height of the specimen before freezing. The frost heave ratio (ζ) increases with the increment of the temperature (T w ), and it finally tends to converge at the temperature of -1 °C. The influence of the coefficient of linear thermal expansion (α) on the frost heaving behaviour of numerical specimens is examined based on numerical simulations using a variety of DEM models. Figure 5(a) shows the relations between converged frost heave ratio (ζ) and initial particle diameter (D 0 ) of thermal expanding elements, for every coefficient of linear thermal expansion (α). In case of α=-0.03 (1/°C), the frost heave ratio (ζ) is about 10 % close to the general expansion in the volume of water accompanied with the phase-change from fluid to solid, that is 9% regardless of D 0 , though in case of α=-0.09 (1/°C), ζ increases with the increment of D 0 . This is because the volume of a ball element increases with the third power of the radius, and then the expansion of ball elements greatly influences ζ in case of large α. Figure 5(b) shows the relations between converged frost heave ratio (ζ) and initial height of numerical specimen (H 0 ), for every coefficient of linear thermal expansion (α). In case of α=-0.03 (1/°C), ζ is about 10 % regardless of H 0 , though in case of α=-0.09 (1/°C), ζ increases with the decrement of H 0 . This indicates that DEM model using thermal expanding elements can simulate the frost heaving behaviour of water by adjusting the linear thermal expansion rate of the element according to the void ratio of DEM model. 
Applicability of numerical model
In order to examine the applicability of discontinuous analysis to the shearing behaviour of saturated granular materials subjected to freeze-thaw action, numerical simulations of freeze-thawing triaxial compression tests were conducted with the help of 3D DEM coupled with unsteady thermal stress analysis using thermal option of PFC3D, and a new analytical procedure and a method for setting analytical parameters were discussed by comparing experimental results of laboratory shear tests using glass beads with the analytical results.
Freeze-thawing triaxial compression test

Experimental conditions
The strength and deformation characteristics of glass beads subjected to freeze-thaw action were examined by real laboratory tests. A series of monotonic loading triaxial compression tests under drained condition was performed using saturated glass beads of uniform grain size (5.0 mm in diameter). A schematic diagram of the freeze-thawing triaxial apparatus is shown in Figure 6 . This apparatus has a cooling system to control the temperature of top cap and bottom pedestal, respectively. So, any temperature difference between cap and pedestal can be arbitrarily set to a specimen. In addition, axial load can be applied to a specimen by a direct drive motor. The axial stress (σ a ) was measured with a load cell installed inside the triaxial cell, and the axial strain (ε a ) was measured with an external displacement transducer. The volumetric change (ε v ) of a specimen equal to the volume of drainage during testing was measured with a double tube burette connected to the pedestal.
A freeze-thawing triaxial test was conducted as follows. A specimen which size is 170mm in height and 70mm in diameter was prepared by the air pluviation method (Miura and Toki, 1982) . The initial dry densities of specimens (ρ d0 ) were aimed to be both a loose sample (ρ d0 =1.48 g/cm 3 ) and a dense sample (ρ d0 =1.58 g/cm 3 ) relative to its maximum density and minimum one. After saturation and 1-D consolidation (σ a =12.2kPa) of the specimen, it was frozen from the upper part and thawed from the lower part with cooling system. The temperature gradient through the specimen is 0.1 °C/mm. After thawing the entire specimen, it was isotropically consolidated under prescribed effective confining pressure (σ c ') of 49.0 kPa. Afterwards, an axial deviator stress (q) was applied to the specimen continuously under fully drained condition at the constant axial strain rate of 1.0 %/min while keeping σ c ' constant.
The compression was completed after reaching an axial strain (ε a ) of 15 %. For comparison, ordinary triaxial tests using glass beads were also performed under the similar experimental conditions except freeze-thawing history. Figure 7 shows the relations of freeze-thawed specimens and non freeze-thawed specimens between axial deviator stress (q), volumetric strain (ε v ), and axial strain (ε a ) in triaxial compression tests for loose samples and dense samples, respectively. Here, frost heave could hardly be observed for glass beads. For loose samples, the deviator stress increases monotonically with axial strain before the specimen reaches failure, while dense samples exhibits peak strength at an axial strain of about 5%, regardless of freeze-thawing histories. Moreover, the peak strength of freeze-thawed specimens seems to be a little higher than that of non freeze-thawed specimens. This may be because the dry density of freeze-thawed specimens after isotropic consolidation (ρ dc ) is larger than that of non freeze-thawed specimens regardless of the initial dry density. Unfortunately, judging from only Figure 7 , it is hard to verify whether the freeze-thawing history causes the difference in the peak strength, as there is a problem in the reproducibility of experimental results. However, assuming that the freeze-thaw or frost heave of pore water transforms the soil skeleton structure of specimens like Goto (1993) , it seems reasonable to suppose that the freeze-thawing history influences the mechanical behaviour of granular materials. 
Direct
Experimental results and discussions
Numerical simulation of triaxial compression test
Analytical conditions
The numerical modelling of the freeze-thaw phenomenon occurred in granular materials is discussed by simulating an above-mentioned freeze-thawing triaxial test with three-dimensional DEM. Figure 8 shows an initial cylinder-shaped numerical specimen (60mm in diameter, 40mm in height) of DEM model before loading and/or freezing. Here, the reason why the size of numerical specimens differs from that of the experiments is due to a saving of calculation time. Table 3 summarizes the features of all DEM models used in this simulation. The model consists of a top wall, a bottom wall, a lateral cylinder wall and a particle assembly that has no discernible pattern in the arrangement of particles, and all model elements are rigid. The top and bottom walls simulate loading platens like top cap and bottom pedestal, and the lateral cylinder wall simulates a rubber membrane. The particle assembly is composed of large ball elements (5mm in diameter) which represent a particle of glass beads with diameter of 5.0mm, and small thermal expanding elements (2mm in diameter) which simulate the frost heaving pressure due to freezing of void water. Strictly, the particle arrangement of the analytical specimen in this simulation is different from that of the experimental specimen in the density and porosity. Here, the porosity of a specimen is calculated on the assumption that a thermal expanding element which represents a small amount of water is a void between solid soil particles. The initial void ratios of numerical specimens (e 0 ) were aimed to be both a loose sample (e 0 =0.884) and a dense sample (e 0 =0.819) relative to its maximum void ratio and minimum one. Table 4 summarizes the input parameters of DEM simulations performed in this paper. The input parameters of thermal expanding elements are the similar value as those in Table 2 . Meanwhile, the input parameters on conhesionless glass beads were set as follows. The unit mass (ρ) of large ball elements was set equal to 2.5g/cm 3 by referring to the density of glass beads. As for the interface properties of element surface, the angles of interparticle friction (φ μ ) between large ball elements was set equal to 20.0º considering that the angle of shear resistance (φ) derived from triaxial test results is 20.6º (Ishikawa et al., 2005) , nevertheless the φ μ between a particle and a wall was set equal to 0.0º. In addition, the control parameters for numerical calculation were set as follows; time step (Δt) was automatically set to the value recommended by the PFC3D program, a stiffness of the linear penalty spring (k n ) for rigid elements like a large ball element and a bottom wall was equal to 10.0MN/m though the stiffness for a cylindrical wall was one-tenth of the above stiffness in order to simulate a "soft" confinement. The simulations of freeze-thawing triaxial tests were performed as follows; first, the thermal boundary and initial conditions are applied to a DEM model with constrained lateral boundaries by specifying heat insulating condition to wall elements and initializing the temperature of all ball elements to 0 °C. Subsequently, a constant temperature of -1 °C is applied to the bottom wall. Then, the numerical specimen is frozen from the bottom end.
When the temperature of all ball elements reaches -1 °C, the simulation is finished. Here, a bottom wall and a lateral cylinder wall are fixed so as to allow one-dimensional frost heaving of numerical specimens by constraining the lateral deformation. Second, for simulating the thawing process of specimens, the diameter of all thermal expanding elements is decreased step by step, and the stability analysis by the gravity force of 9.8m/s 2 is performed every step. Finally, all thermal expanding elements are removed from the numerical specimen.
After the freeze-thawing process, the numerical specimen is isotropically consolidated under the effective confining pressure (σ c ') of 49.0kPa. The consolidation process is carried out by adjusting the velocities of all wall elements using a numerical servo-mechanism. The numerical servo-mechanism is implemented by the user program to adjust the wall velocity in such a way as to reduce the difference between measured stress and requested stress. Subsequently, monotonic loading of axial pressure is performed in a strain-controlled fashion by specifying the velocities of the top and bottom walls at a constant axial strain rate of 1.0%/sec. Here, the loading speed is much faster than the real experimental condition due to the shortening of calculation time. Throughout the loading processes, the radial velocity of the cylindrical confining walls is controlled automatically by the numerical servo-mechanism that keeps a confining pressure to the specimen constant. Here, the gravity force is applied to numerical specimens for all steps of the simulation. The stresses and strains in the axial direction experienced by numerical specimens are computed in a macro-fashion by taking average wall forces divided by the appropriate area of top and bottom wall elements and tracking the relative distance between top and bottom walls, respectively. The compression is completed after reaching an axial strain (ε a ) of 15 %. For comparison, numerical simulations of ordinary triaxial tests are also performed under the same experimental conditions except freeze-thawing history. Figure 9 shows the q-ε v -ε a relations of freeze-thawed specimens and non freeze-thawed specimens in 3D DEM simulations of freeze-thawing triaxial tests for every initial void ratio of numerical specimens (e 0 ), respectively. As for dense samples (e 0 =0.819), upon application of the pseudo freeze-thaw action to numerical specimens, the peak strength decreases and the positive dilatation behaviour weakens. Meanwhile, as for a loose sample (e 0 =0.884) subjected to the pseudo freeze-thaw action, the peak strength increases and the positive dilatation behaviour builds up. These results indicate a possibility that the influence of freeze-thawing history on the mechanical behaviour of granular materials differs depending on the initial void ratio of specimens. Table 5 depicts a change in the void ratio of specimens through tests. In case of a dense specimen, the dilation of sample volume due to frost heave is observed, and the thawing process of the numerical specimen produces the volume contraction, whereas the void ratio of the dense specimen after pseudo freeze-thawing remains higher value than the initial state. Meanwhile, in case of a loose specimen, the volume dilates a little during the freezing process and contracts much during the thawing process. As the results, the void ratio of the loose specimen after pseudo freeze-thawing becomes lower value than the initial state. When compared with the non freeze-thawed specimens, the particle structure of loose specimen becomes dense, and conversely the particle structure of dense specimen becomes loose. Moreover, the influence of freeze-thaw action on the variation of void ratio still remains in numerical specimens after isotropic consolidation. Accordingly, it may be considered that such a change in void ratio brings about the change in the mechanical behaviour of numerical specimens with the freeze-thawing history. These results indicate that the proposed DEM model that puts many small thermal expanding elements between soil particles can simulate the freezing-thawing behaviour of granular materials to some extent though there is room for further investigation as to numerical modelling and setting input parameters.
Analytical results and discussions
Conclusion
The following conclusions can be obtained;
1. Numerical simulations of frost heaving phenomenon of water inside a glass were performed with 3D DEM coupled with unsteady thermal stress analysis. As the results, it was shown that the DEM model using thermal expanding elements can simulate the frost heaving behaviour of water by adjusting the linear thermal expansion rate of the element according to the void ratio of DEM model.
2. Numerical simulations of freezing-thawing triaxial compression tests of glass beads were performed with a 3D DEM model that puts many small thermal expanding elements between soil particles. As the results, it was shown that the proposed DEM model can simulate the freezing-thawing behaviour of granular materials to some extent though there is room for further investigation as to numerical modelling and setting input parameters.
3. From the test results of numerical simulations, it was shown that the freeze-thaw of pore water transforms the soil skeleton structure of granular materials, as the result the freeze-thawing history influences the mechanical behaviour of granular materials. Moreover, it was shown that the influence of freeze-thawing history on the mechanical behaviour of granular materials differs depending on the initial void ratio of specimens.
